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Dynamical properties offtuxon propagation in a discrete Josephson transmission line are 
reported. The circuit consists of three Josephson transmission lines and a trigger turning point. 
By using the Josephson sampler, we confirmed fan~out operation of the phase-mode logic 
circuit in which single fluxons were employed as information bits. We measured the fluxon 
velocity propagating in the Josephson transmission line. The measured velocity of 3.38 X 107 
mls was larger than that of the continuous Josephson transmission line, and it is a 
manifestation of a remarkable feature of the discrete Josephson transmission line. The 
experimental results affirm the high-speed operation of the phase-mode circuits constructed by 
discrete Josephson transmission lines. 
I. INTRODUCTION 
The Josephson transmission line (JTL) is expected to be 
applied to the amplifier,l the oscillator,2 and the computer 
elements.3- 7 These applications are closely related to the 
flux on (i.e., the quantized magnetic vortices present in 
JTLs) dynamics. The modified sine-Gordon equation sub-
ject to the boundary condition, which governs the fluxon 
motion, is analyzed in the perturbational methods8- 11 or in 
numerical methods. 5 •12,13 Those results show that a fluxon 
behaves on the balance between power and loss. On the other 
hand, the fluxon dynamics are experimentally investigated 
by measuring the zero-field steps in the de I- V curve of the 
JTL. 14-16 This way is simple and easy to be compared with 
the theories. Experimental results agree well with the pertur-
bation theory. 
If a fluxon is used as one information bit, the JTL works 
as the active line through which digital information can be 
exchanged. Digital applications of JTL were first described 
by Fulton3 and have been examined by various authors. 4- 7 
One of the authors (K.N.) showed that generation, 
annihilation, and transmission of a fiuxon were controlled 
by the i.njecting current to the JTL.5 He also suggested a 
phase-mode logic circuit in which single fiuxons are em-
ployed as information bits. The pha..<;e-mode logic circuit has 
two basic components, the trigger turning point (T-tuming 
point) operating as the fan-out circuit and the selective turn-
ing point (S-turning point) operating as the fan~in circuit. 
Experimental results of the measurement of zero-field 
steps are not sufficient to construct the phase-mode logic 
circuit. By the Josephson sampling technique, 17-22 dynamic 
waveforms with a few ps time resolutions can be observed. 
Several applications are developed by the Josephson 
sampler. 23•24 
In this paper, we report dynamical properties of fluxon 
propagation in the JTL including the T-turning point. The 
Josephson sampler is used to detect the current waveform of 
fiuxons with high resolution. We calculate the fluxon propa~ 
gation velocity from the measured values and compare the 
numerical simulation with the experimental results. 
II. CIRCUiT DESIGN AND OPERATION 
Figure 1 (a) shows a simplified equivalent circuit of the 
fabricated chip< The discrete Josephson transmission lines, 
JTL-l, lTL-2, and JTL-3 have the length of 378, 270, and 
810 ,urn, respectively. A T~turning point coupling these three 
JTLs is constructed. Both terminals of JTL-2 and JTL-3 are 
connected to a sampling gate by the coupling resistance Rc2 
and Rc3 . If the JTLs are provided with a bias current greater 
than the constant value determined by the circuit parameter, 
a fluxon introduced into JTL-l passes both JTL~2 and JTL-3 
through the T-turning point. 5,25 The difference of the length 
between JTL-2 and JTL-3 causes the time lag with which 
two fiuxons reach the sampling gate. 
In the experiment, three external currents, Ii' I,p' and 
Icon' are supplied to the JTLs [see Fig. 1 (a) ] . Ii and Icon are 
the bias current and the control current injected to the input 
edge of JTL-l, respectively. I,p is the bias current provided 
to the T-turning point. A fluxoD is introduced into JTL-l 
when the control current Icon is increased to <PolL with fixed 
values of Ii and I tp , where L is a loop inductance of JTLs per 
unit LU, <Po is the flux quantum (2.07X 10- 15 V s), and lu 
is the distance between each two junctions in the JTLs< Here, 
the fiuxon is stilI trapped in the input loop of JTL-l under 
the condition of Icon = <PolL. The fluxon starts to propagate 
by decreasing leon to zero, which is confirmed by the numeri-
cal calculation. AU of the currents, including the currents 
injected to the Josephson sampler, are synchronized, and the 
repetition rate of these currents is set to be 10 kHz. 
Figure 1 (b) shows the photograph of the JTLs and the 
Josephson sampler. These are fabricated with a conventional 
Pb-alloy technology over a Nb superconducting ground-
plane. An evaporated Aulnz film is used as resistors. The 
moats produced by etching the Nb film guard the circuit 
against flux traps. The minimum line width is 5pm, and the 
width of JTLs is 17 Jim. The Josephson junctions have the 
critical current density of 4.4 kA/cm2 and the capacitance 
density of 5.9pF/cm2• The JTLs consist of 28 junctions of 
4.4/-lm2, where the critical current of each junction is 850 
JiA. The loop inductance L Isection is estimated to be O. 8 pH, 
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FIG. 1. (a) The simplified equivalent circuit of the fabricated chip. The 
circuit consists of JTLs with the T-turning point and the Josephson 
sampler. (b) The photograph of the fabricated chip. 
because we choose tu = 54 ,urn in this experiment. These 
circuit values are determined by the threshold curve and the 
LC resonance step of the two junction interferometer which 
is fabricated on the same chip. From these values, we can 
calculate that the characteristic impedance Zo of the JTLs is 
0.85 n. Since the coupling resistances, Rc2 and R c3 , are esti-
mated to be 0.99 .n by use of the monitor resistance, the 
impedance of the sampler matches that of the JTLs. 
III. EXPERIMENTAL RESULTS 
Figure 2 shows the experimental threshold levels of the 
T-tuming point for the external currents Ii and I,p' When 3 
I i I let 
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FIG. 2. The experimental threshold levels ofiluxon propagation for the T-
tllrning point as a function of the external currents, Ii and l,P' l,-t is the 
critical current of the JTLs. FOF 3 rnA,:,J, + I tp ,,;4.2 rnA, a Illlxon passes 
through the l~turning point. 
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mA< 1; + I tp <4.2 rnA, two fluxons are detected. In the re-
gion satisfying these conditions, the fan-out operation of the 
phase-mode circuit is performed. The introduction of a 
fluxon triggers the switching of the JTLs to the voltage state 
when Ii + I tp > 4.2 rnA. For 1; + I,p < 3 rnA, no fluxon can 
be observed. The two phenomena can occur in this region. 
First, either no fluxon is introduced into JTL-l, or second, 
the fluxon stops at the T-turning point. We expect the first 
phenomenon, because the second phenomenon means the 
monotonic increase of stayed fluxons under the sampling 
measurement. The numerical calculation also shows the bias 
current, Ii + I tp = 2.3 rnA, which is required to pass 
through the T-turning point, is smaller than that, 
Ii + 1,,0 = 9.4 rnA, which is required to introduce a fiuxon 
into the JTL on the assumption that the bias current is uni-
formly supplied to the ITL. Therefore, it is reasonable that 
no ftuxon is taken into the JTL-l for Ii -r- ltp < 3 rnA. The 
JTLs have an experimentally obtained critical current Ie, of 
5 rnA. As described above, the threshold levels of the T-
turning point can be expressed only by the sum current 
Ii + I tp . Moreover the measured critical current let of the 
JTLs are 5 rnA regardless of the injection point of the exter-
nal current. If all junctions of the JTLs have the critical cur-
fentlo = 850flA, the critical currentI;, should be 23.8 rnA. 
Therefore, the bias current which drives a fluxon in the JTL 
deflects to each side of the JTLs. The difference between 
numerical and experimental results is due to the bias current 
deflection. 
Figure 3 shows the current waveform observed by the 
Josephson sampler. The bias current Ii is set to be 4 rnA, and 
l,p is not supplied in this experiment. Two pulse peaks are 
found as shown in Fig. 3 whenever pulses are observed at the 
output of the JTLs. The first pulse is associated with the 
fluxon propagating in the JTL-2, and the second pulse is 
associated with the one propagating in the JTL-3. These two 
fiuxons do not interact in a nonlinear fashion with one an-
other at the sampling gate, because the sampler is resistively 
connected to the JTL-2 and the JTL-3. The discrete JTL 
consists of two components, Josephson JUIlctions and strip 
Hnes. The junctions having the low impedance are alternate-
ly connected with strip lines having a high impedance. Part 
of the electromagnetic wave traveling in the discrete JTL 
reflects at the linking portion of these two components. 
Thus, a ripple follows a pulse associated with a fluxon propa-
gating in the discrete JTL. In our circuit, two current pulses 
individually trailing a ripple are injected to the sampling 







FIG. 3. The current waveform observed by the Josephson sampler. The first 
pulse propagates ill the JTL-2 and the second pulse propagates ill the JTL-3. 
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is determined by the circuit parameters, the height of the 
second pulse is enhanced or reduced by the ripple following 
the first pulse. The observed waveform shown in Fig. 3 might 
correspond to the latter. Figures 4(a) and 4(b) show the 
numerical results of the current waveforms injected to the 
sampling gate from JTL-2 and JTL-3, respectively. Figure 
4(c) shows the synthetic waveform of those two currents, 
Since the second minimum of the current from lTL-2 and 
the first maximum of the current from JTL-3 are superim-
posed, the second pulse of the synthetic current injected to 
the sampling gate has the reduced peak height and the broad 
width as shown in Fig. 4(c). The waveform measured by 
using the Josephson sampling method experiences the pass-
ing of the low-pass filter, which consists of the capacitance 
and the resistance of the sampling gate. Figure 4(d) shows 
the current waveform which is the time average of the cur-
rent shown in Fig. 4( c) over a period of Tav .26 We choose the 
time constant Tav = 4 ps, which roughly corresponds to the 
time resolution of our sampler. The simulated waveform 
agrees with the experimentally observed waveform. 
The magnetic flux released through the coupling resis-
tance Rc is expressed by Rc T,Jp' where T wand Ip are the 
halJ-width and the peak current of the pulse, respectively. 
Calculating the observed pulses by this expression, the first 
pulse is estimated to be 0.82 <Po and the second is estimated 
to be 0.64 <Po' 
The difference of 540 f-lm between the JTL-2 and the 
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FIG. 4, The results of the 
computer simulation for 
the current waveforms. (a} 
The current waveform in-
jected from JTL-2 to the 
sampling gate. (b) Thecuf-
rent waveform injected 
from JTL-3 10 the sampling 
gate. (c) The synthetic 
waveform supplied from 
JTL·2 and JTL-3. Cd) The 
current waveform after 
averaging. 
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the time lag of 16 ps can be read out. Thus, the propagation 
velocity of a ftuxon in the JTL is calculated to be 3.38 X 107 
m/s. On the other hand, the limiting velocity Cd defined as 
IlxI(LCj )1/2 is estimated to be 5,8X 10
7 mis, where Cj is 
the junction capacitance of 4.4 f-lm 2• Hence a fiuxon propa-
gates in theJTL at a speed of 0.58 Cd ( = O.l1co; co: speed of 
light in vacuum). 
Figure 5 shows the fluxon propagation velocity VI as a 
function of the bias current r = (Ii + lip) II'!,. The squares 
indicate the experimental result, and thei.r error bar is caused 
by the reading error of the observed data. The solid line 
shows the numerical results of the fluxon velocity. We as-
sume in the numerical calculation that the bias current dis-
tribution in the JTL is uniform. The numerical results agree 
with the experimental results. 
IV. DISCUSSION 
McLaughlin and Scott describe the fluxon propagation 
velocity traveling in the continuous JTL by perturbation the-
ory.s The velocity is given by 
vf=cc[l + (4ai1ry)2r·- l !2, (1) 
Here, Cc is the limiting velocity in the continuous JTL and a 
is the presence ofloss. In this experiment, a is estimated to be 
0.06. The ratio vI!ce is 0.93 for r = 0.2, while v/cd for the 
same r is 0.57 according to the numerical calculation. The 
discrete JTL has the low velocity ratio under the same r. 
This is because fluxon velocity vf is restricted by the energy 
dissipation in a ripple following the pulse associated with a 
fiuxon. 
One should notice, however, that the discrete JTL has 
larger limiting velocity than that of the continuous JTL. As-
suming that the base and counter electrodes have the same A, 
London penetration depth, the limiting velocity ratio is giv-
en by 
Cd [2 U + d 1 fE. t -. = m +--m( -m) +-!..-
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FIG. 5. Fluxon propagation velocity vf as a function of the bias current 
y = {I; + liP )!I~. The squares show the experimental results. The nu-
merical results of the propagation velocity are shown by the solid line. 
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Here, tj is the dielectric constant of the Josephson junctions 
and t, is that ofSiO layer for junction definition. The nota-
tion t and d are the thickness of SiO layer and that of the 
barrier of Josephson junctions, respectively. The parameter 
m!lx indicates the length of the Josephsonjunction occupied 
in a unit length !lx. Equation (2) shows that the limiting 
velocity Cd approaches to the speed of light in SiO layer in 
decreasing m. The limiting velocity ratio Cd Icc is estimated 
to be 2.5 by using the experimental results (t = 2 nm, 
d = 270nm,A = 150nm, Ej = 12, t, = 5.7, and m = 0.08). 
Since high-speed operations are required in logic circuits, the 
discrete JTLs are suitable for the phase-mode logic circuit. 
v. CONCLUSION 
We have fabricated the discrete JTLs which include the 
T-tuming point. By using the Josephson sampler, we have 
confirmed the fan-out operation in the phase mode logic cir-
cuit, and have measured fluxon propagation properties, i.e., 
the fluxon velocity and the margin of the fan-out operation 
for the supply currents. The large propagation velocity of a 
fluxon is considered as one of the features of the discrete 
JTL, and the measured velocity of 3.38 X 107 mls indicates 
that feature remarkably. The experimental results affirm the 
high-speed operation of the phase mode circuits which are 
composed of the discrete JTLs. 
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